An enhanced temperature-index model including albedo and shortwave radiation has been applied to the tropical Zongo glacier. The model satisfactorily simulated the daily discharges and their seasonal variations with an efficiency of 0.71 (Nash-Sutcliffe). The energy balance analysis revealed that three factors mainly control melt on this glacier: incoming shortwave radiation, incoming longwave radiation and sensible heat flux. Accordingly, the model differentiates between temperature-dependent and temperature-independent components moving towards a more physically based but still simple model.
INTRODUCTION
In the arid highlands of the tropic regions, water resources originating from snow cover and glacier melting are crucial for populations settled downstream. In Andean cities, such as those found in the western part of Bolivia, mountain glaciers provide water for domestic, agricultural and industrial use and act as buffers against the highly seasonal precipitation 1) .
Meltwater in the Tropical Andes has been assessed in several studies. Sicart et al. linked glacier mass balance estimates with melt using the glaciological and hydrological methods 2) and evaluated discharge and mass balance seasonal variations through an energy-balance model 3) while Lejeune et al. applied a coupled snow-land surface model to determine the melting and disappearance of transient snow cover 4) in the Zongo glacier. In spite of these advances, the lack of meteorological information, especially at high elevations, remains a constraint in mass balance and glacier hydrology studies. As a result, temperature index or degree day models have been used to determine the melt rates of snow and ice due to 1) their good performance despite their simplicity; 2) the wide availability of air temperature data; 3) the relative easiness of the spatial interpolation of temperature; and 4) computational simplicity. The close relationship between air temperature measured at meteorological stations and the melt rate of snow and ice has been acknowledged in many studies 5), 6) .
In Tropical glaciers, simultaneous accumulation and ablation during the wet season take place; temperature remains low and varies little with season and net shortwave radiation controls the variability of the energy balance 7) . Consequently, the underlying assumption that temperature can be used as the sole index for melt through a degree day factor must be tested.
Furthermore, degree-day models suffer from two major drawbacks: coarse temporal resolution and restricted spatial variation of the melt rates. One adaptation is the incorporation of additional meteorological information in the standard temperature-index model. Brubaker et al. 8 ) added a melt contribution proportional to a net radiation index to the Snowmelt Runoff Model (SRM) to simulate discharges from the W-3 research basin in Vermont, USA. Pellicciotti et al. 9) formulated a model in which temperature dependent and temperature independent components were clearly separated and calculated glacier melt in the Haut Glacier d'Arolla, Switzerland.
In this study, we explore the basic supporting hypothesis of the degree-day method and the applicability of the more physically-based model proposed by Pellicciotti et al. to a tropical environment.
PHYSICAL SETTING AND DATA
The Zongo watershed is located on the Huayna Potosi massif (16°15'S, 68°10'W, 6000-4900 m a.s.l., Cordillera Real, Bolivia). It is the main source of water resources for hydropower generation and a site of scientific interest due to its easy accessibility, relative economic importance and well-defined hydrological basin.
This valley glacier has an extension of 1.9 km 2 and is part of the 3.51 km 2 drainage basin delineated by the hydrometric station at 4830 m a.s.l. (Fig. 1) .
The variability of the climate in this region results from the superposition of several large scale phenomena 10) .
As a result, three distinct seasons with specific characteristics can be recognized: SeptemberDecember (transition season); January -April (wet season) and May -August (dry season).
Two automatic weather stations (AWS) located on the moraine and on the glacier at 5050 m a.s.l. provided the meteorological data consisting of ventilated air temperature and relative humidity, wind speed, downward and reflected shortwave radiation and incoming and emitted longwave radiation, respectively.
Precipitation measurements at a weather station placed at 4750 m a.s.l. 1 km from the glacier front were used to feed the model.
Model outputs were compared to the measurements of discharge at a hydrometric station at the outlet of the basin for the hydrological year September 2005 to August 2006.
FORMULATION AND TESTING OF AN ENHANCED GLACIER MELT MODEL
(1) Snowmelt Runoff Model (SRM) SRM 11) is designed to simulate and forecast daily discharge in mountain watersheds where snowmelt is a major factor. It has been applied in over one hundred basins around the world with a wide range of elevation and basin size 12), 13) . The spatial variations of melt and precipitation are accounted for by introducing the concept of elevation zones (i.e. elevation bands delineated at intervals of about 250 m). Water originated from melting and rainfall at each elevation zone is determined according to Eq. (1):
Where: -1 ] to [m 3 s -1 ] A preselected threshold temperature, T crit , decides whether a precipitation event is treated as rain or snow. New snow is kept in storage until melting conditions occur. In this study, T crit is set to +1. 5 °C 14) The model calculates the daily snowmelt depth M i as shown in Eq. (2):
Where: c Si = snowmelt runoff coefficient a i = degree-day factor [cm °C -1 day -1 ] T = daily mean temperature measured at the meteorological station [°C] ∆T = the adjustment by temperature lapse rate when extrapolating the temperature to the mean hypsometric elevation of the ith zone [°C] Whenever T+∆T become negative, they are set to zero so that no negative snowmelt is computed.
In SRM, snowmelt and rain water is routed using a single non-linear store controlled by the recession
I_188 coefficient:
Where: V = snowmelt and rain water from all the zones Q = average daily discharge at the outlet of the watershed k = recession coefficient n = sequence of days during the computation period The recession coefficient indicates the decline of discharge in a period without snowmelt and rainfall and can be obtained from historical discharge data by determining the constants x and y in the equation:
To prevent k from exceeding 0.99 and to avoid computation errors (e.g. if the daily snowmelt input exceeds the previous day's runoff, SRM computes a runoff decrease instead of increase), the values x and y should fulfill the condition:
Using the recession discharge data, x and y were computed as 0.8253 and 0.049, respectively.
a) Meteorological extrapolation
Due to the lack of meteorological information in high altitude areas, available data measured at AWS base stations were extrapolated to the spatial units of the model.
A global lapse rate of 0.65°C per 100 m was used to extrapolate air temperatures to the midpoint of each elevation zone.
Areal precipitation is more difficult to evaluate mainly because base station measurements may be biased downwards since most rain gauges systematically undercatch snow, especially in windy conditions. On Zongo, a comparison between the rain gauge located at 4750 m and a Geonor pluviometer set up on the glacier reveals an underestimation of precipitation around the glacier of 37% 15) . Furthermore, a network of monthly rain gauges distributed in the Zongo basin, shows no clear relation between precipitation and elevation and precipitation is assumed homogeneous over the whole basin.
b) Snow cover depletion
In mountain basins, the depletion of snow covered area (SCA) during the melt season is a typical feature. To account for the evolution of SCA Table 1 Spatial characteristics of the elevation bands. through the melt season, two strategies are available: snowpack modelling and snow-cover observation. SRM uses the second approach. The presence of glaciers in an elevation zone is indicated when the decrease of SCA stops at a given level which corresponds to the glacier area. From this date on, the daily melt depths is attributed to glacier rather than seasonal snow cover. Observational data show that on Zongo snow cover mainly falls over the glacier; off the glacier, snow rarely lasts for more than a few days. Table 1 illustrates the characteristics of each elevation zone including the glacier extent and snow covered area. c) Model parameters SRM parameters fall between physically based and statistical fitted parameters. Since they simplify the underlying physics of the system and result from the average of nonlinear processes, they cannot be set entirely by field measurements. Accordingly, the runoff coefficients (c R and c S ) and the degree-day factor are set on the basis of experience with the model and hydrological judgment. Then, parameters are calibrated and adjusted manually to improve the model performance. Table 2 gives the final parameter set for running the model.
d) SRM run
With the input variables and model parameterizations, the daily discharges were simulated, yielding to the hydrographs shown in Fig. 2 . The root mean squared error (RMSE) was estimated for every season to measure the difference between the predicted and observed discharges ( Table 3) . 
I_189 The results show that a constant value of the degree-day factor is not suitable for a year-round simulation owing to the different characteristics of each season. Then, an optimized value for the dry season of a = 0.65 cm °C -1 day -1 yields to an underestimation of discharge in the wet season while a = 3.00 cm °C -1 day -1 performs better during the wet season but considerably overestimates discharge over the dry season. Additionally, neither reproduces the daily and seasonal variations of discharge with an acceptable accuracy.
Hence, a simple degree-day model wherein the complex melt processes are all included in a temperature component is not appropriate for modeling discharges in a tropical glacier and the seasonality of the degree-day method can be explained by means of the glacier surface energy budget.
(2) Contribution of energy fluxes to melt
Defining the energy fluxes as positive when they supply a flow of energy to the snow/ice surface and assuming no horizontal transfers of heat on the ground, the net energy flux into the surface corresponds to the sum of the following components, in W m -2 :
E S ↓ denotes the downward shortwave radiation, E S ↑ the reflected shortwave radiation, E L ↓ and E L ↑ the downward and emitted longwave radiation, the sum of all radiations gives the net radiation E R , E G corresponds to the subsurface energy flux, E H and E E represent the sensible and latent fluxes, and E P the heat flux from precipitation. E P is usually small and neglected. Similarly, choosing a layer of snow or ice large enough so that seasonal temperature variations do not reach the bottom of the layer, E G ≈0. The net radiation components are measured at an hourly time step while the turbulent fluxes are calculated using the transfer-coefficient method from hourly air temperature, water vapor pressure and wind speed. This method assumes equality of the three eddy viscosities, saturation of air at the the surface and that the temperature of the air adjacent to the glacier surface equals the temperature of the ice or snow (more details on this method can be found in Cuffey and Paterson, 2010) 18) . Fig. 3 shows the mean seasonal energy fluxes on the surface. The results show that three factors primarily contribute energy to the glacier: downward shortwave radiation, incoming longwave radiation and sensible heat flux. The relative importance of each component is different in every season: at the onset of the hydrological year (September to December), precipitation rates are small, the uncovered ice surface ablates due to the high incident radiation and low albedo and we found the maximum values of discharge. Temperature remains low and the classical degree-day method underestimates melt. Later on, in the wet season (January to April), snowfalls reduce melt while temperature reaches its maximum peak, net shortwave radiation decreases owing to the albedo effect, and enhanced longwave radiation keeps surface melting. From May to August (Dry season), reduced melting is dominated by temperature 
(3) Enhanced model formulation
The enhanced temperature-index calculates melt as the sum of two components:
Here (T+∆T) i represents the temperature in the ith zone, α is albedo and G is incoming shortwave radiation. TF and SRF are two empirical coefficients, namely the temperature factor (different than the degree-day factor) expressed in cm day -1 °C -1 and the shortwave radiation factor in m 2 cm day -1 W -1 . T T defines whether or not melt occurs and is set to 0 °C. The contributions of temperature dependent (i.e. longwave radiation and sensible heat flux) and temperature independent (i.e. net shortwave radiation) sources are represented by the first and second terms, respectively.
In this study, albedo and global shortwave radiation were lumped over the whole basin. The assumption of constant distribution is determined by the small size of the glacier, particularly that of the ablation zone with roughly 1.56 km 2 and an elevation range of 379 m. . TF and SRF were obtained by optimization and the model efficiency was evaluated by the root mean squared error (RMSE) and the Nash-Sutcliffe criterion defined as:
Where Q mi and Q si are the measured and simulated discharges on the ith day, is the average measured discharge of the year and n is the number of days in the year.
The best parameter combination for which the efficiency criterion was maximized and the RMSE was minimized corresponds to TF = 0.12 cm d . Fig. 4 illustrates the daily discharges calculated with the new model compared to the measured runoff at the hydrometric station. The results show a significant improvement in model performance. The peaks in discharge are better simulated although there is an underestimation of runoff in some periods that can be attributed to the lack of measurements of precipitation at high elevations and the undercatch of solid precipitation at the low elevation gauge. Furthermore, the model captures the variations in discharge during the dry season.
Modelling initialization in periods with strong precipitation and thick snow cover reduces the available water that comes from snow melting. While this is a source of uncertainty, it does not compromise the simulation.
CONCLUDING REMARKS
The extended formulation of a temperature-index model including albedo and global radiation as key components of the melt process represents an improvement over the traditional degree-day methods which are not suitable to simulate daily melting from high altitude tropical glaciers. This model has two main advantages: it can be applied in tropical glaciers and it does not require the definition of seasonal parameters as temperature, global radiation and albedo account for the seasonal 
I_191 variations. This is especially useful in forecast studies. Albedo has a large and important influence on ablation since 1 − determines the total shortwave radiation absorbed by the surface and the changes in melt rates associated with the surface type (snow or ice). Therefore, additional research has to be made to find suitable models to distribute albedo over the basin.
The separation of temperature dependent and temperature independent energy components introduces a stronger physical basis to the enhanced model and accounts for the major energy contributions to melt.
Melt depths are more sensitive to the shortwave radiation factor than the temperature factor. This is explained by the low variability of the daily temperatures and the small contribution of sensible heat flux to melt. On the other hand, shortwave radiation controls the seasonal variations in discharge. In the dry season, however, temperature appears to have a larger effect on melt.
In Zongo, the shortwave radiation factor is bigger than that of Haut Glacier d'Arolla. This is expected as Zongo glacier is a high altitude, low latitude glacier.
Further analysis is needed to test the model performance with different parameterization of the meteorological data and different climatic settings as well as the model transferability to other glaciers.
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